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prises an inverter for converting DC power into AC 
power, a recti?er connected to the AC output of the 
inverter through a resonant transformer for rectifying 
AC output power of the transformer to obtain DC 
power to be applied to a load, means for determining 
respective operation phases of a ?rst, a second, a third 
and a fourth switching elements constituting the in 
verter in accordance with set signals indicating a volt 
age and a current to be supplied to the load, and a phase 
control circuit for controlling the respective operation 
phases of the first, second, third and fourth switching 
elements on the basis of an output signal of the phase 
determining means in a manner so that the ?rst and 
second switching elements are alternately turned on 
with a phase difference of 180 degrees with respect to 
an operation frequency of the inverter, the third and 
fourth switching elements are alternately turned on 
with a phase difference of 180 degrees with respect to 
the operation frequency of the inverter, while varying a 

‘ phase difference from turn-on of the ?rst switching 
element to turn-on of the fourth switching element and 
a phase difference from turn-on of the second switching 
element to tum-on of the third switching element to 
thereby control or feed-back control the DC power to 
be supplied to the load. 

10 Claims, 10 Drawing Sheets 
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RESONANT DC-DC CONVERTER 

BACKGROUND OF THE INVENTION 

The present invention generally relates to a resonant 
DC-DC converter and particularly to a resonance 
DC-DC converter in which AC power is applied to a 
resonant transformer from a suitable AC power source 
and an AC output power of the transformer is recti?ed 
is supplied to a given load. 
Such a resonant DC-DC converter is disclosed, for 

example, in US. Pat. No. 4,504,895. FIG. 8 is a diagram 
showing the resonant DC-DC converter disclosed in 
US. Pat. No. 4,504,895 but somewhat summarized for 
the sake of explanation. In FIG. 8, the DC-DC con 
verter comprises: a DC power source 1; an inverter 2 
for receiving DC power from the DC source and for 
converting the DC power into AC power, the inverter 
having a ?rst series connection of ?rst and second tran 
sistors Tr1 and Tr; respectively acting as a ?rst and a 
second switching element respectively connected to a 
positive and a negative pole of the DC power source 1, 
a second series connection connected in parallel to the 
?rst series connection and composed of third and fourth 
transistors Tr3 and Tr4 respectively acting as third and 
fourth switching elements disposed so as to respectively 
correspond to the ?rst and second transistors, and ?rst, 
second, third and fourth diodes D1-D4 anti-parallelly 
connected to the ?rst, second, third and fourth transis 
tors Tr1-Tr4 respetively; a transformer 3 connected to 
an output of the inverter for boosting an output voltage 
of the inverter; a recti?er 4 for converting an AC output 
voltage of the transformer into a DC output voltage; 
electrostatic capacitance C for smoothing an output 
voltage from the recti?er 4, and a load 5 connected to 
an output of the recti?er 4. The transistors Tr1-Tr4 are 
arranged to be driven by a frequency determination 
circuit 6 and a frequency control circuit 7 through driv 
ing circuits 8a to 8d, respectively. 
The transformer 3 is used to isolate the input and 

output of the converter from each other, and used to 
boost or reduce the output voltage in the case where the I 
input voltage is different from the output voltage. Par 
ticularly, in the case where a high voltage of several‘ 
tens KV to 200 KV is generated, for example, in a 
power source for generating X-rays, the turn ratio of 
the transformer 3 is very large and hence the number of 
turns of the secondary winding is very large. Accord 
ingly, the secondary windings are formed in layers 
which are stacked one on one while being insulated one 
from one with insulators such as insulating sheets inter 
posed between adjacent layers. As a result, stray capaci 
tances Csl-Csn are formed between the layers of the 
secondary windings in the transformer 3 as shown in 
FIG. 9A. The circuit of FIG. 9A can be expressed by 
such an equivalent circuit as shown in FIG. 9B. That is, 
the serial capacitances CS1—CS,, form a stray capacitance 
C5 of the secondary winding. Further, the transformer 3 
per se may be expressed by leakage inductance L1 and 
L2 and excitation inductance Lu and therefore the 
whole of the transformer 3 may be expressed by those 
inductance L1, L2 and Lex together with the stray ca 
pacitance Cs as shown in FIG. 9C‘. Further, generally, 
L1<<Lex and Lz<<Lm so that leakage inductance 
LS being parasitic on the transformer 3 is expressed by 
Ls=L1+L2 and the equivalent cirucit of the trans 
former 3 can be shown as FIG. 9D. 
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2 
If such a transformer 3 is used, the leakage inductance 

Ls being parastic on the transformer and the stray ca 
pacitance C5 of the secondary winding can be used as 
resonance elements so that a voltage induced at the 
stray capacitance C5 by the resonance between the 
leakage inductance Ls and the stray capacitance C5 and 
the transformation ratio of the transformer 3 is supplied 
to the recti?er 4 and the output voltage of the recti?er 
4 is applied to the load 5 after being smoothed through 
the electrostatic capacitance C. In order to control the 
output power to be supplied to the load 5, the ratio 
Fi/F, of the operation fequency F; to the resonance 
frequency F0 determined by the leakage inductance L5 
and the stray capacitacne C5 is varied by the frequency 
determination circuit 6 and the frequency control cir 
cuit 8 shown in FIG. 8. That is, in the graph of FIG. 10, 
the respective curve shows the relation between the 
ratio Fi/Fo and the output voltage V0 of the transformer 
3 with the ordinate and abscissa representing the input 
voltage from the DC power source 1 and the output 
voltage V, and with load resistance R1, R2, . . . , R5 
(R1 >Rz> . . . >R5) as parameters. Since the resonance 
frequency takes a constant value determined by the 
leakage inductance LS and the stray capacitance C5 of 
the transformer 3, the output voltage Va is controlled by 
suitably varying the operation frequency F,- of the in 
verter 2. 

In the thus arranged conventional resonant DC-DC 
converter, as seen in FIG. 10, the output voltage V0 
becomes maximum when the value of the ratio Fi/Fo is 
about “1”, and if the operation frequency F; of the in 
verter 2 is made lower or higher than the resonance 
frequency F0, the output voltage V0 is reduced. How 
ever, the output voltage Va cannot be reduced to zero. 
In this case, the output voltage V,7 can be made to ap— 
proach zero if the operation frequency Fiof the inverter 
2 is made extremely low or extremely large. If the oper 
ation frequency F,- is made lower, however, the time 
quadrature of the voltage applied to the transformer 3 
becomes larger and therefore it is necessary to make the 
sectional area of the core of the transformer 3 larger, 
resulting in increase in size of the transformer 3. Fur 
ther, there is a limit in making the size of the trans 
former 3 and the operation frequency Ficannot be made 
so low to thereby cause a limit in the output voltage 
control range. Further, even if the operation frequency 
F,- of the inverter 2 is made higher than an audio fre 
quency so as to make noises low, the operation fre 
quency F,- may reach the audio frequency range to 
allow noises to become high when the operation fre 
quency F,- is made low in order to make the output 
voltage low in the case of a light load. Also in this case, 
accordingly, the operation frequency Ficannot be made 
so low to thereby cause a limit in the output voltage 
control range. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
eliminate the drawback in the prior art. 

It is another object of the present invention to pro 
vide a resonant DC-DC converter in which a control 
range of an output power can be extended without 
changing the operation frequency of the inverter and in 
which the converter can be reduced in size. 

In order to attain the above objects, according to the 
present invention, an improvement is made in a resonant 
DC—DC converter comprising: a DC power source; an 
inverter for receiving DC power from the DC source 
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and for converting the DC power into AC power, the 
inverter having a ?rst series connection of a ?rst and a 
second switching element respectively connected to a 
positive and a negative pole of the DC power source 4, 
a second series connection connected in parallel to the 
?rst series connection and composed of third and fourth 
transistors Tu and Tr4 respectively acting as a third and 
a fourth switching element disposed so as to respec 
tively correspond to the ?rst and second transistors, and 
?rst, second, third and fourth diodes antiparallelly con 
nected to the ?rst, second, third and fourth switching 
elements, respectively; a transformer connected to an 
output of the invetter for boosting an output voltage of 
the inverter; a recti?er for converting an AC output 
voltage of the transformer into a DC output voltage; 
and a load connected to the recti?er; the transformer 
having a parasitic leakage inductance and a stray capac 
itance existing among primary or secondary windings 
of the transformer; in which the leakage inductance and 
the stray capacitance are used as resonance elements so 
that a resonance voltage induced at the stray capaci 
tance by resonance between the leakage inductance and 
the stray capacitance and a transformation ratio is ap 
plied to the recti?er, and the DC output voltage of the 
recti?er is smoothed and applied to the load. 

In an aspect of the invention, the DC-DC converter is 
further provided with: a phase determination circuit for 
deteriining respective operation phases of the ?rst, sec 
ond, third and fourth switching elements of the inverter 
in accordance with set signals indicating a voltage and 
a current to be supplied to the load; and a phase control 
circuit for controlling the respective operation phases 
of the ?rst, second, third and fourth switching elements 
on the basis of an output signal of the phase determina 
tion circuit in a mnnner so that the ?rst and second 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to an oper 
ation frequency of the inverter, the third and fourth 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to the 
operation frequency of the inverter, while varying a 
phase difference from a point in time of turn-on of the 
?rst switching element to a point in time of turn-on of 
the fourth switching element and a phase difference 
from a point in time of turn-on of the second switching 
element to a point in time of turn-on of the third switch 
ing element to thereby control the power supplied to 
the load. 

In another aspect of the invention, the DC-DC con 
verter is further provided with: a voltage divider for 
detectigg the voltage applied to the load; an error am 
pli?cation phase determination circuit for receiving a 
detection signal from the voltage divider and an exter 
nally applied preset target voltage signal so as to am 
plify a difference between the detection signal and the 
target voltage signal, and for determining respective 
operation phases of the ?rst, second, third and fourth 
switching elements of the inverter, on the basis of the 
ampli?ed difference; a phase control circuit for control 
ling the respective operation phases of the ?rst, second, 
third and fourth switching elements on the basis of an 
output signal of the error ampli?cation phase determi 
nation circuit in a manner so that the ?rst and second 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to an oper 
ation frequency of the inverter, the third and fourth 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to the 
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4 
operation frequency of the inverter, while varying a 
phase difference from a point in time of turn-on of the 
?rst switching element to a point in time of turn-on of 
the fourth switching element and a phase difference 
from a point in time of turn—on of the second switching 
element to a point in time of turn-on of the third switch 
ing element to thereby effect feedback-control of the 
power supplied to the load. 
The above and other objects and features of the in 

vention will appear more fully hereinafter from a con 
sideration of the following description taken in connec 
tion with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of an embodiment of the 
resonance DC-DC converter according to a ?rst aspect 
of the invention; 
FIG. 2 is an equivalent circuit showing the main 

circuit portion in the resonance DC-DC converter 
shown in FIG. 1, 
FIG. 3 is a time chart for explaining the operation in 

the case where control is made so as to make the output 
power maximum; 
FIG. 4 is a time chart for explaining the operation in 

the case where control is made so as to reduce the out 
put power; 
FIG. 5 is a graph showing relation between a phase 

difference and a tube voltage with load resistance val 
ues as parameter in the phase determination circuit; 
FIG. 6 is a circuit diagram of an embodiment of the 

resonance DC-DC converter according to a second 
aspect of the invention; 
FIG. 7 a circuit diagram of another embodiment of 

the resonance DC-DC converter according to the sec 
ond aspect of the invention; 
FIG. 8 is a circuit diagram showing a conventional 

resonance DC-DC converter; 
FIGS. 9A-9D are diagrams showing various equiva 

lent circuits of the transformer used in the conventional 
resonant DC-DC converter of FIG. 8; and 
FIG. 10 is a graph for explaining control of the out 

put voltage in the conventional resonant DC-DC con 
verter of FIG. 8. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Embodiments of the resonant DC-DC converter ac 
cording to the present invention will be described in 
detail with reference to the accompanying drawings 
hereunder. 
FIG. 1 is a circuit diagram showing an embodiment 

of the resonant DC-DC converter according to a ?rst 
aspect of the invention. This resonant DC-DC con 
verter is provided with DC power source 1 such as a 
secondary battery or the like, an inverter 2, a trans 
former 3, a recti?er 4, and a load 5. 
The inverter 2 is arranged to receive DC power from 

the DC power source 1 so as to convert the DC power 
into AC power. The inverter 2 is constituted by: a ?rst 
series connection including a ?rst transistor Tr; acting 
as a ?rst switching element and being connected at its 
collector to a positive pole of the DC power source 1 
and a second transistor Tr; acting a second switching 
element and being connected at its emitter to a negative 
pole of the DC power source 1; a second series connec 
tion connected in parallel to the ?rst series connection 
and composed of a third transistor Tr3 acting as a third 
switching element and being disposed so as to corre 
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spond to the ?rst transistor Tu and a fourth transistor 
Tr4 acting as a fourth switching element and being dis 
posed so as to correspond to the second transistor Trz; 
and ?rst, second, third, and fourth diodes D1—D4 anti 
parallelly connected to the ?rst through fourth transis 
tors Tn-Tu, respect. Each of the transistors Tr1 
through Tr4 is arranged to be turned on when supplied 
with a base current. 
The transformer 3 is connected to the output of the 

inverter 2 so as to boost an output voltage of the in 
verter 2. The transformer 3 has a predetermined turns 
ratio between the primary and secondary windings and 
has a leakage inductance Ls and a stray capacitance C; 
which are the same as shown in FIG. 9D. 
The recti?er 4 is constituted by four diodes D5 

through D3 and arranged to convert an output voltage 
of the transformer 3 into a DC output voltage through 
full-wave recti?cation. The output of the recti?er 4 is 
connected to the load 5, for example, an X-ray tube or 
the like. An electrostatic capacitance C of a high tension 
cable for applying an output voltage of the recti?er 4 to 
the load 5 such as an X-ray tube or the like serves to 
smooth the output voltage of the recti?er 4. 

In this embodiment according to the ?rst aspect of 
the invention, there are further provided: a phase deter 
mination circuit 9 for determining respective operation 
phases of the transistors Tr1 through Tr4 of the inverter 
2 in accordance with set signals instructing a voltage 
and a current to be supplied to the load 5 such as an 
X-ray tube (hereinafter, referred to as a tube voltage 
and a tube current respectively); a phase control circuit 
10 for generating control signals for controlling respec 
tive operation phases of the transistors Tr1 through Tr4 
on the basis of an output signal of the phase determina 
tion circuit 9 and for sending out the control signals in 
response to'an X ray exposure signal applied from a 
controller (not shown); and driving circuits 11a through 
11d for driving the transistors Trl through Tr4 respec 
tively on the basis of the control signals sent-out from 
the phase control circuit 10. Power to be supplied to the 
X-ray tube acting as the load 5 is controlled by the 
phase determination circuit 9 and the phase control 
circuit 10 in such a manner that the respective transis 
tors Tr1 and Tr; acting as the ?rst and second switching 
elements of the inverter 2 are alternately turned on with 
a phase difference of 180 degrees with respect to an 
operation frequency of the inverter 2, and the respec 
tive transistors Tu and Ta, acting as the third and fourth 
switching elements are alternately turned on with a 
phase difference of 180 degrees similarly to the transis 
tors Tu and Trz, while properly varying a phase differ 
ence from a point in time of turn-on of the ?rst transis 
tor Tr1 to a point in time of turn-on of the fourth transis 
tor Tu and a phase difference from a point in time of 
turn-on of the second transistor Trz to a point in time of 
turn-on of the third transistor Tr3. 

Next, description will be made as to the operation of 
the thus arranged resonant DC-DC converter. First, a 
main circuit portion constituted by the DC power 
source 1, the inverter 2, the transformer 3, the recti?er 
4, and the load 5 in the resonant DC-DC converter of 
FIG. 1 can be expressed by an equivalent circuit shown 
in FIG. 2. That is, the transistors Tr1, Trz, Tr3, and Tr4 
constituting the inverter 2 are shown by the ?rst, the ‘ 
second, the third, and the fourth switching element 12a, 
12b, 12c, and 1211 respectively, and the transformer 3 is 
shown by the leakage inductance Ls and the stray ca 
pacity Cs similarly to FIGS. 9A-9D. The ?rst switch 
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6 
ing lement 12a and the diode D1 anti-parallelly con 
nected to the former constitute a ?rst arm 13a. Similarly 
to this, the second switching element 12b and the diode 
D2 constitute a second arm 13b, the third switching 
element 12c and the diode D3 constitute a third arm 13c, 
and the fourth switching element 12d and the diode D4 
constitute a fourth arm 13c. 
Then, referring to timing diagrams of FIGS. 3 and 4, 

description will be made as to the operation of the main 
circuit portion by using the equivalent circuit of FIG. 2. 

First, referring to FIG. 3, description will be made as 
to the operation in the case where control is performed 
so as to maximize the output power of the inverter 2. At 
this time, the operation phases of the switching elements 
12a through 12d are controlled in such a manner that 
the ?rst and second switching elements 12a and 12b are 
alternately turned on with a phase difference of 180 
degrees, the fourth and third switching elements 12d 
and 120 are alternately turned on with a phase differ 
ence of 180 degrees, the ?rst and fourth switching ele 
ments 12a and 12d are turned on with a phase difference 
of zero, that is, turned on simultaneously with each 
other, and the second and third switching elements 12b 
and 12c are turned on with a phase difference of zero, 
that is, turned on simultaneously with each other, as 
shown in the diagrams (a) through (d) of FIG. 3. 

First, at a point in time Ta1 in FIG. 3, a resonance 
current i; is being caused to flow by energy of the leak 
age inductance LS through each of a circuit of the leak 
age inductance Ls—-> the diode D1—> the DC power 
source 1—> the diode D4—> the stray capacity C3» the 
leakage inductance LS, another circuit of the leakage 
inductance LS—> the diode D1—> the DC power source 
1-> the diode D4—> the recti?er 4—> the electrostatic 
capacity C—> the recti?er 4—> the leakage inductance 
Ls, a further circuit of the leakage inductance Ls—> the 
diode D1—> the DC power source 1-> the diode D4-> 
the recti?er 4-> the load 5-» the recti?er 4—> the leak 
age inductance LS. Hereinafter, the state where the 
resonance current i, ?ows through the three divisional 
paths after the fourth diode D4 is similarly expressed by 
D4-> (CS, 4, C, and 5)—>LS. As a result, negative cur 
rents i1 and i4 flow in the ?rst and fourth arms 13a and 
13d respectively (the diagrams (e) and (f) of FIG. 3). At 
this time, the ?rst and fourth switching elements 12a 
and 12d are turned on, resulting in no in?uence on the 
circuits through which the currents i1 and i4 flow. 
Thereafter, the resonance current i, approaches zero as 
shown in the diagram (i) of FIG. 3 as the energy of the 
leakage inductance Ls decreases. 

Next, after the resonance current it becomes zero at a 
point in time Tag as shown in the diagram (i) of FIG. 3, 
the resonance current i, ?ows through a circuit of the 
DC power source 1—+ the switching element 12a-> the 
leakage inductance LS-> the stray capacitance C3» the 
switching element 12d—> the DC power sou in FIG. 2 
while increasing along an arcuate curve of a resonance 
frequency determined by the leakage inductance Ls and 
the stray capacitance Cs. Thereafter, when a voltage 
across the stray capacitance CS becomes equal to that 
across the electrostatic capacitance C, the resonance 
current it flows through a circuit of the DC power 
source 1-> the switching element 120-» the leakage 
element L$—>(CS, 4, C, and 5)-> the switching element 
-12d-> the DC power source 1. 

' At a point in time T33, the ?rst and the fourth switch 
ing elements 120 and 12d are turned off, and the second 
and the third switching elements 12b and 12c are turned 



7 
on, as shown in the diagrams (a) through (d) of FIG. 3. 
The resonance current it, however, is caused to ?ow by 
the energy of the leakage inductance L5 through a cir 
cuit of the leakage inductance L3—>(CS, 4, C,) and 5) -> 
the diode D3—> the DC power source 1—> the diode 
D2-> the leakage inductance L5, in FIG. 2. Therefore, 
negative currents i2 and i3 flow in the second and third 
arms 13b and 13c respectively (the diagrams (g) and (h) 
of FIG. 3). Thereafter, the resonance current i, ap 
proaches zero as shown in the diagram (i) of FIG. 3 as 
the energy of the leakage inductance Ls decreases. 
The resonance current it becomes zero at a point in 

time Ta4 as shown in the diagram (i) of FIG. 3. Then, 
the resonance current it flows through a circuit of the 
DC power source 1—> the switching element 12c-> the 
stray capacitance CS—> the leakage inductance Ls—> the 
switching element 12b~> the DC power source 1 in 
FIG. 2 so that the amplitude of the resonance current i, 
negatively increases along the arcuate curve of the 
resonance frequency determined by the leakage induc~ 
tance L5 and the stray capacitance Cs. When the volt 
age across the stray capacitance CS becomes equal to 
that across the electrostatic capacitance C, the reso 
nance current i, ?ows through a circuit of the DC 
power source 1—> the switching element 12c--> (C5, 4, 
C, and 5)-> the leakage inductance Ls—> 12b-> the DC 
power source 1. 
At a point in time Ta5, the second and third switching 

elements 12b and 12c are turned off, and the ?rst and 
fourth switching elements 120 and 12d are turned on, as 
shown in the diagrams (a) through (d) of FIG. 3. As a 
result, the switching elements 120 through 12d become 
in the same state as that at the point in time Ta], and 
thereafter the foregoing operation is repeated. 

In the case where the operation phase of the inverter 
2 is controlled as described above, the ?rst and fourth 
switching elements 120 and 12d are turned on/off with 
a phase difference of zero, that is, simultaneously turned 
on/ off, and the second and third switching elements 12b 
and 12c are turned on/off with a phase difference of 
zero, that is, simultaneously turned on/off. Therefore, 
the current i1 ?owing in the ?rst arm 130 has the same 
waveform as that of the current i4 flowing in the fourth 
arm 130! as shown in the diagrams (e) and (f) of FIG. 3, 
and the current i; ?owing in the second arm 13b has the 
same waveform as that of the current i3 ?owing in the 
third arm 130 as shown in the diagrams (g) add (h) of 
FIG. 3. The period in which both the ?rst and fourth 
switching elements 12a and 12d are in the on-state (from 
the point in time Tat to the point in time Ta;) is contin 
ued in the following period in which both the second 
and third switching elements 12b and 12c are in the 
on-state (from the point in time Ta3 to the point in time 
Ta5), so that the output voltage V, of the inverter 2 has 
a continuous square waveform having a positive and a 
negative crest value equal to the output voltage of the 
DC power source 1 as shown in the diagram (i) of FIG. 
3 and the output power of the inverter 2 becomes maxi 
mum. 

Next, referring to FIG. 4, description will be made as 
to the operation in the case where control is performed 
so as to reduce the output power of the inverter 2. In 
this case, the respective operation phases of the switch 
ing elements 12a through 12d of the inverter 2 of FIG. 
2 are controlled in such a manner that the ?rst and 
second switching elements 120 and 12b are alternately 
turned on with a phase difference of 180 degrees, the 
fourth and third switching elements 12d and 12c are 
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8 
alternately turned on with a phase difference of 180 
degrees, the ?rst and fourth switching elements 120 and 
12d are turned on with a time lag, that is, a phase differ 
ence a from the turn-on of the former to the tum-on of 
the latter, and the second and third switching elements 
12b and 120 are turned on with a time lag, that is, a 
phase difference from the tum-on of the former to the 
turn-on of the latter, as shown in the diagrams (a) 
through (d) of FIG. 4. 

First, at a point in time Tb] of FIG. 4, the ?rst and the 
third switching elements 120 and 12c are in the on-state 
in FIG. 2, so that the resonance current i, is caused to 
flow by the energy of the leakage inductance L5 
through a circuit of the leakage inductance Ls—> the 
diode D1—> the switching element 12c—-> ((CS, 4, C, and 
5) —> the leakage inductance L5. Therefore, the nega 
tive current i1 ?ows in the ?rst arm 13a as shown in the 
diagram (e) of FIG. 4 while the positive current i3 ?ows 
in the third arm 13c as shown in the diagram (h) of FIG. 
4. Thereafter, the resonance current i, approaches zero 
as shown in the diagram (i) of FIG. 4 as the energy of 
the leakage inductance Ls decreases. 
The resonance current it becomes zero at a timing 

Tbz, and then the resonance current i, is caused to flow 
by energy of the stray capacitance CS through a circuit 
of the stray capacitance C5-» the diode D3-> the 
switching element 12d—> the leakage inductance Ls—> S 
the stray capacitance Cs, while increasing along an 
arcuate curve of a resonance frequency determined by 
the leakage inductance Ls and the stray capacitance CS, 
as shown in the diagram (i) of FIG. 4. At this time, the 
positive current i1 begins to ?ow in the fust arm 13a as 
shown in the diagram (e) of FIG. 4 while the negative 
current i3 begins to flow in the third arm 130 as shown 
in the diagram (h) of FIG. 4. 
The third switching element 120 is turned off at a 

point in time Tb3 as shown in the diagram (d) of FIG. 4, 
an at the same time the fourth switching element 12d is 
turned on as shown in the diagram (b) of FIG. 4. As a 
result, both the ?rst and fourth switching elements 120 
and 12dare in the on-state as shown in the diagrams (a) 
and (b) of FIG. 4, and the diode D3 is reversely biased 
to be turned off in response to the turn-on of the fourth 
switching element 12d, so that the resonance current i, 
?ows through a circuit of the DC power source 1-+ the 
switching element 12a-> the leakage inductance Ls—> 
the stray capacitance C$—> the switching element 12d_-> 
the DC power source 1. Thereafter, when the voltage 
across the stray capacitance C; becomes equal to that 
across the electrostatic capacitance C, the resonance 
current i, ?ows through a circuit of the DC power 
source 1—> the switching element 120-» the leakage 
inductance LS—>(CS, 4, C, and 5) -> the switching ele— 
ment 12d—> the DC power source 1. In this period, the 
current i1 ?owing in the ?rst arm 131a has the same 
waveform as the current i4 ?owing in the fourth arm 
13d as shown in the diagrams (e) and (t) of FIG. 4. 
At a point in time Th4, the ?rst switching element 12a 

is turned off as shown in the diagram (a) of FIG. 4, and 
the second switching element 12b is turned on as shown 
in the diagram (0) of FIG. 4. At this time, the resonance 
current iris caused to ?ow by the energy of the leakage 
inductance Ls through a circuit of the leakage induc 
tance Ls» (CS, 4, C, and 5)-> the switching element 
12d—+ the diode D2» the leakage inductance LS. 
Therefore, the negative current i; ?ows in the second 
arm 13b as shown in the diagram (g) of FIG. 4 while the 
positive current i4 ?ows in the fourth arm 13d as shown 



4,794,506 
9 

in the diagram (0 of FIG. 4. Thereafter, the resonance 
current i, approaches zero as shown in the diagram (i) of 
FIG. 4 as the energy of the leakage inductance LS de 
creases. 

The resonance current it becomes zero at a point in 
time Tb4, and then the resonance current it flows 
through a circuit of the stray capacitance CS—> the 
leakage inductance Ls-> the switching element 12b—> 
the diode D4—> the stray capacitance C3—» in FIG. 2, 
while negatively increasing its amplitude an arcuate 
curve of the resonance frequency determined by the 
leakage inductance L5 and the stray capacitance CS, as 
shown in the diagram (i) of FIG. 4. 
At a point in- time Tbs, the fourth switching element 

12d is turned off as shown in the diagram (b) of FIG. 4, 
and the third switching element 12c is turned on as 
shown in the diagram (d) of FIG. 4. As a result, the 
second and third switching elements 12b and 120 are in 
the on-state as shown in the diagrams (c) and (d) of 
FIG. 4 respectively, so that the resonance current it 
flows through a circuit of the DC power source 1 -> the 
switching element 120-» the stray capacity C3—» the 
leakage inductance LS—> the switching element 12b-> 
the DC power sourcel in FIG. 2. Thereafter, when the 
voltage across the stray capacitance Cs becomes equal 
to that across the electrostatic capacitance C, the reso 
nance current it ?ows through a circuit of the DC 
power source 1—+ the switching element 12c-—> (CS, 4, 
C, and 5)-> the leakage inductance Ls» the switching 
element 1212-» the DC power source 1. In this period, 
the current i; flowing in the second arm 13b has the 
same waveform as that of the current i3 ?owing in the 
third arm 13c as shown in the diagrams (g) and (h) of 
FIG. 4. 
Then, at a point in time Tb7, the second switching 

element 12b is turned off as shown in the diagram (c) of 
FIG. 4, and the ?rst switching element 120 is turned on 
as shown in the diagram (a) of FIG. 4, so that the 
switching elements 120 through 12d are in the state 
quite the same as that at the point in time Tbi, the fore 
going operation being repeated thereafter. 

In the case where the operation phase of the inverter 
2 is controlled in such a manner‘as described above, the 
?rst and fourth switching elements 120 and 12d are 
turned on/off with a time lag or a phase difference'a, 
and the second and third switching elements 12b and 
120 are turned on/off with a time lag or a phase differ 
ence a. Therefore, a ?rst simultaneous on-period in 
which both the ?rst and fourth switching elements 12a 
and 12d are in the on-state (from the point in time Tb; 
to the point in time Th4) is shorter by a than a period in 
which each of the switching elements 120 and 12d is in 
the on-state, and a second simultaneous on-period in 
which the second and third switching elements 12b and 
12c are in the on-state (from the point in time Tbs to the 
point in time Th7) is shorter by a than a period in which 
each of the switching elements 12b and 120 is in the 
on-state. Only in each of the above-mentioned discon 
tinued or intermittent ?rst and second simultaneous 
on-periods, DC power is applied from the DC power 
source 1 to the load 5. Therefore, the output voltage V, 
of the inverter 2 has an intermittent square waveform 
which has a positive and a negative crest value equal in 
absolute value to the output voltage of the DC power 
source 1 respectively in the foregoing discontinued or 
intermittent simultaneous on-periods (each ISO-ade 
grees), as shown in the diagram (i) of FIG. 4. Accord~ V 
ingly, the above-mentioned simultaneous on-periods 
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can be changed so as to control the power supplied to 
the load by properly changing the phase difference a 
from turn on of the ?rst switching element 12a to tum 
on of the fourth switching element 12d and the phase 
difference from turn on of the second switching element 
12b to turn-on of the third switching element 12c is 
suitably changed. That is, by increasing the respective 
phase difference a, the output power can be gradually 
reduced to zero as the phase difference increases up to 
180 degrees where there is no period in which both the 
switching elements 120 and 12d as well as both the 
switching elements 12b and 12c are in the on-state. 
The phase determination circuit 9 and the phase con 

trol circuit 10 of FIG. 1 which control the main circuit 
portion of FIG. 2 are controlled so as to operate the 
inverter in such a manner as described above. Now, 
description will be made as to the operations of the 
phase determination circuit 9 and the phase control 
circuit 10 for controlling the operation phases of the 
transistors Trl through Tr4 constituting the inverter 2 as 
shown in FIG. 1. First, when a tube voltage and a tube 
current to be supplied to the X-ray tube acting as the 
load 5 are determined, a tube voltage set signal S1 and a 
tube current set signal 8; corresponding to the tube 
voltage and the tube current, respectively, are applied 
from the controller (not shown) to the phase determina~ 
tion circuit 9. The phase determination circuit 9 is con 
stituted by a memory storing tables representing a graph 
which expresses the relationship between the phase 
difference a and the tube voltage V of the X-ray tube 
acting as the load 5 by means of curves with the abscissa 
and the ordinate representing the phase difference and 
the tube voltage V respectively and with load resistance 
values R1, R2, R3. . . (R1>R2>R3. . . ) as parameters, 
for example, as shown in FIG. 5. Alternatively, the 
phase determination circuit 9 may be constituted by a 
function generator, an operational ampli?er, or the like. 
In this phase determination circuit 9, the load resistance 
value R1, R2, . . . , or the like, for example R3, is ob 
tained on the basis of the tube voltage set signal S1 and 
the tube current set signal 5;, and then a point on the 
curve concerned with the obtained parameter, that is, 
the load resistance value R3 is obtained corresponding 
to a tube voltage V to be set now to thereby determine 
the necessary phase difference a. for operations of the 
transistors Tr; through Tr4 of the inverter 2 correspond 
ing to the obtained point on the curve, as shown by a 
dotted in FIG. 5. Then, a phase signal S3 corresponding 
to the thus determined phase difference a is produced 
from the phase determination circuit 9, and applied to 
the phase control circuit 10. On the basis of the phase 
signals S3, the phase control circuit 10 generates control 
signals for tumnng on/off the respective transistors Tr] 
through Tu, and a control signal for controlling the 
phase difference a. from tum-on of the transistor Trl 
acting as the ?rst switching element to tum-on of the 
transistor Tr; acting as the fourth switching element as 
wel as the phase difference from turn-on of the transis 
tor Tr; acting as the second switching element to turn 
on of the transistor Tr; acting as the third switching 
element. Upon reception of the X-ray exposure signal 
S4 applied from the controller (not shown), the phase 
control circuit 10 supplies the generated control signals 
to the driving circuits 110 through 11d, so that the driv 
ing circuits 11a through 11d drive the respective transis 
tors Tr1 through Tr4 constituting the inverter 2 on the 
‘basis of the control signals supplied from the phase 

' 'control circuit 10. 



4,794,506 
11 

When the transistors Tr1 through ‘In, are started to 
operate as described above, the resonance current i, as 
shown in FIG. 3 or 4 ?ows in the transformer 3, so that 
power in accordance with the set tube voltage and tube 
current is supplied to the X-ray tube acting as the load 
5. At this time, the inverter 2 operates at a resonance 
frequency determined by the leakage inductance Ls and 
the stray capacitance C5 of the transformer 3 or a fre 
quency near the resonance frequency. 
FIG. 6 is a circuit diagram showing an embodiment 

of the resonant DC-DC converter according to a sec 
ond aspect of the present invention. In FIG. 6, for the 
sake of the simpli?cation of explanation, parts having 
the same arrangement and function as those of the parts 
used in the embodiment of FIG. 1 according to the ?rst 
aspect of the invention are correspondingly referenced, 
and the explanation of those parts is omitted. In this 
embodiment according to the second aspect of the in 
vention, there are provided a voltage divider 14 for 
detecting a tube voltage appleed to a load 5 such as an 
X-ray tube or the like, an error ampli?cation phase 
determination circuit 15, a phase control circuit 10, and 
a signal conversion circuit 16 for converting a signal 
representing the tube voltage detected by the voltage 
divider 14 into a tube voltage detection signal S5 in the 
form suitable for use in the error ampli?cation phase 
determination circuit 15. The error ampli?cation phase 
determination circuit 15 is arranged to receive the de 
tection signal from the signal converter circuit 16 and a 
preset target voltage signal (a tube voltage set signal S1) 
and amplify a difference between the detection signal 
and the target voltage signal to thereby determine oper 
ation phases of transistors Tn through Tr4 constituting 
an inverter 2 on the basis of the ampli?ed difference. 
The phase control circuit 10 is arranged to generate 
control signals for controlling the operation phases of 
the respective transistors Tr1 through Tr4 on the basis of 
an output signal from the error ampli?cation phase 
determination circuit 15 and send out the control signal 
in response to an X-ray exposure signal S4 applied from 
a controller (not shown). Power to be supplied to the 
X-ray tube acting as the load 5 is feed-back controlled 
through the voltage divider 14, the signal conversion 
circuit 16, the error ampli?cation phase determination 
circuit 15, and the phase control circuit 10 in such a 
manner that the transistors Tr1 and Tr; acting as a ?rst 
and a second switching element of the inverter 2 respec 
tively are alternately turned on with a phase difference 
of 180 degrees with respect to an operation frequency of 
the inverter 2, the transistors Tr3 and Tr4 acting as a 
third and a fourth switching elements of the inverter 
respectively are alternately turned on with a phase dif 
ference of 180 degrees similarly to the transistors Tr1 
and Trg, while properly varying a phase difference from 
a point in time of turn~on of the ?rst transistor Trl to a 
point in time of turn-on of the fourth transistor Tu, and 
a phase difference from a point in time of turn-on of the 
second transistor Tr; to a point in time of turn-on of the 
third transistor Tr3. 

Next, description will be made as to the operation of 
the thus arranged resonant DC-DC converter accord 
ing to the second aspect of the invention. First, when a 
tube voltage to be supplied to the X-ray tube acting as 
the load 5 is determined, the error ampli?cation phase 
determination circuit 15 is supplied with the tube volt 
age set signal S1 corresponding to the determied tube 
voltage from the controller (not shown). The error 
ampli?cation phase determination circuit 15 is further 
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supplied with the above-mentioned tube voltage detec 
tion signal S5 from the signal conversion circuit 16. In 
the error ampli?cation phase determination circuit 15, 
an error between the tube voltage set signal S1 and the 
tube voltage detection signal S5 is detected, and the thus 
detected error is processed through proportional-plus 
integral control or the like to thereby determine a dif 
ference a. in operation phase between the transistors 
Tr1 through Tr4 constituting the inverter 2 in accor 
dance with the above-mentioned error. Then, a phase 
signal S3 corresponding to the thus determined phase 
difference a. is produced from the error ampli?cation 
phase determination circuit 15, and applied to the phaee 
control circuit 10. At this time, the error between the 
tube voltage set signal S1 and the tube voltage detection 
signal S5 is zero prior to the initiation of the X-ray expo 
sure, and therefore the phase difference a is selected to 
be zero so as to make it possible to supply maximum 
power. 
On the basis of the phase signals $3, the phase control 

circuit 10 generates control signals for turning on/off 
the respective transistors Trl through Tu, and a control 
signal for controlling the phase difference a from turn— 
on of the transistor Tn acting as the ?rst switching 
element to turn-on of the transistor Tr4 acting as the 
fourth switching element as well as the phase difference 
from turn-on of the transistor Tr; acting as the second 
switching element to turn on of the transistor Tr; acting 
as the third switching element. 
Upon reception of the X-ray exposure signal S4 ap 

plied from the controller (not shown), the phase control 
circuit 10 supplies the generated control signals to the 
driving circuits 110 through 11111, so that the driving 
circuits 11a through 11d drive the respective transistors 
Tn through T r4 constituting the inverter 2 on the basis 
of the control signals supplied from the phase control 
circuit 10. 
When the transistors Tr] through Tr4 are started to 

operate as described above, the resonance current i, as 
shown in FIG. 3 or 4 ?ows in a transformer 3, and the 
tube voltage is begun to be applied to the X-ray tube 
acting as the load 5, so that the tube current ?ows. 
Thereafter, when the tube voltage applied to the X-ray 
tube approaches the set value, the error between the 
tube voltage set signal S1 and the tube voltage detection 
signal S5 becomes small, so that the error ampli?cation 
phase determination circuit 15 operates to increase the 
phase difference a to thereby reduce the power sup 
plied from a DC power source 1. When the tube voltage 
of the X-ray tube becomes substantially equal to the set 
value, the inverter 2 operates at such a phase that power 
equal to that corresponding to the set tube voltage and 
tube current can be supplied from DC power source 1 
to the load 5. At this time, the inverter 2 is operated at 
a resonance frequency determined by the leakage induc 
tance LS and the stray capacitance C; of the transformer 
3 or at a frequency near the resonance frequency. 
FIG. 7 is a circuit diagram showing another embodi 

ment according to the second aspect of the invention. In 
this embodiment, a DC power source 1 is obtained by 
AC power received from a commercial power source 
that is recti?ed and smoothed. A recti?er 17 is consti 
tuted by four diodes D9 through D12 so as to convert the 
AC power received from the commercial power source 
into DC power through full-wave recti?cation. Capaci 
tance C' and inductance L’ are provided to smooth the 
DC output of the recti?er 17. In this embodiment, out 
put power can be increased in comparison with the 
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foregoing embodiment of FIG. 6. For example, power 
of about several tens Kw - several hundreds Kw can be 
supplied to the load. 
Although the transistors Tr1 through Tr4 are used as 

the switching elements of the inverter 2 in the foregoing 
embodiments of FIGS. 1, 6, and 7, the present invention 
is not limited to this, but, for example, GTOs may be 
used. Alternatively, for purpose of operation of the 
inverter 2 at a higher frequency, MOS FETs, IGBTs, 
SI transistors, SI thyristors, or the like may be used. 
Further, the load 5 is not limited only to the X-ray tube, 
but the invention may be applied to any load similarly to 
the X-ray tube so long as the load requires a DC output 
power of a relatively high voltage. Although process 
ing is generally performed through the proportional 
plus-integral control in the error ampli?cation phase 
determination circuit 15 of FIGS. 6 and 7, the present 
invention is not limited to this, but the processing may 
be carried out through control using software by using 
various data to be used in the processing after converted 
into digital values. 
As described above, according to the present inven 

tion, the output power of the inverter can be changed 
from zero to the maximum value through the phase 
control of the inverter 2, so that the range of output 
power control can be further extended in comparison 
with that provided by the prior art control system. 
Further, unlike the prior art system, the output power 
can be controlled without changing the operation fre 
quency F; of the inverter 2, so that increase in sectional 
area of the iron core of the transformer 3 due to reduc 
tion in the operation frequency Fibecomes unnecessary 
to thereby prevent the transformer 3 from being in 
creased in size. Consequently, the whole apparatus can 
be reduced in size. In the case where the operation 
frequency F; of the inverter 2 with a rated load is se 
lected to be higher than an audio frequency so as to 
reduce noises, it is possible to maintain the low noise 
state without changing the operation frequency F,- in 
controlling the output voltage thereafter. Moreover, 
according to the second aspect of the invention, power 
to be supplied to the load 5 is controlled through feed 
back in such a manner that an actual voltage applied to 
the load 5 is detected and respective operation phases of 
the switching elements of the inverter 2 are determined 
on the basis of the error between the detection tube 
voltage signal and the target tube voltage signal, so that 
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the output power can be controlled with higher accu-v ~ 
racy. 
What is claimed is: 
1. A resonant DC-DC converter comprising: 
a DC power source; 
an inverter for receiving DC power from said DC 

source and for converting the DC power into AC 
power, said inverter having a ?rst series connec 
tion of ?rst and second switching elements respec 
tively connected to a positive and a negative pole 
of said DC power source, a second series connec 
tion connected in parallel to said ?rst series con 
nection and composed of third and fourth switch 
ing elements disposed so as to respectively corre 
spond to said ?rst and second switching elements, 
and ?rst, second, third and fourth diodes anti-paral 
lelly connected to said ?rst, second, third and 
fourth switching elements, respectively; 

a transformer, including primary and secondary 
windings, connected to an output of said inverter 
for boosting an output voltage of said inverter; 
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a recti?er for converting an AC output voltage of 

said transformer into a DC output voltage; 
a load connected to said recti?er; 
said transformer including a parasitic leakage induc 

tance and stray capacitance existing among said 
primary or secondary windings of said transformer, 
said leakage inductance and said stray capacitance 
being used as resonance elements so that a reso 
nance voltage induced at said stray capacitance by 
the resonance between said leakage inductance and 
said stray capacitance and a transformation ratio is 
applied to said recti?er; 

means for smoothing the DC output voltage of said 
recti?er and for applying the smoothed DC output 
voltage to said load; 

a phase determination circuit for determining respec 
tive operation phases of said ?rst, second, third and 
fourth switching elements of said inverter and sub 
stantially over the entire range of operation of said 
inverter in accordance with set signals indicating a 
voltage and a current to be supplied to said load; 

a phase control circuit for controlling the respective 
operation phases of said ?rst, second, third and 
fourth switching elements on the basis of an output 
signal of said phase determination circuit in a man 
ner so that said ?rst and second switching elements 
are alternately turned on with a phase difference of 
180 degrees with respect to an operation frequency 
of said inverter, said third and fourth switching 
elements are alternately turned on with a phase 
difference of 180 degrees with respect to the opera 
tion frequency of said inverter, while varying a 
phase difference from a point in time of tum-on of 
said ?rst switching element to a point in time of 
turn-on of said fourth switching element and a 
phase difference from a point in time of turn-on of 
said second switching element to a point in time of 
turn~on of said third switching element to thereby 
control the power supplied to said load in accor 
dance with the phase determination made by said 
phase determination circuit. 

2. A resonance DC-DC converter according to claim 
1, in which said smoothing means is an electrostatic of a 
high tension cable for applying said DC output voltage 
to said load. 

3. A resonant DC-DC converter according to claim 
1, in which said load is an X-ray tube. 

4. A resonant DC-DC converter according to claim 
2, in which said load is an X-ray tube. 

5. A resonant DC-DC converter comprising: 
a DC power source; 
an inverter for receiving DC power from said DC 

source and for converting the DC power into AC 
power, said inverter having a ?rst series connec 
tion of ?rst and second switching elements respec 
tively connected to a positive and a negative pole 
of said DC power source, a second series connec 
tion connected in parallel to said ?rst series con 
nection and composed of third and fourth switch~ 
ing elements disposed so as to respectively corre 
spond to said ?rst and second switching elements, 
and ?rst, second, third and fourth diodes anti-paral 
lelly connected to said ?rst, second, third and 
fourth switching elements, respectively; 

a transformer, including primary and secondary 
windings, connected to an output of said inverter 
for boosting an output voltage of said inverter; 
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a recti?er for converting an AC output voltage of 
said transformer into a DC output voltage; 

a load connected to said recti?er; 
said transformer including a parasitic leakage induc 

tance and stray capacitance existing amoung said 
primary or secondary windings of said transformer, 
said leakage inductance and said stray capacitance 
being used as resonance elements so that a reso 
nance voltage induced at said stray capacitance by 
the resonance between said leakage inductance and 
said stray capacitance and a transformation ratio is 
applied to said recti?er; 

means for smoothing the DC output voltage of said 
recti?er and for applying the smoothed DC output 
voltage to said load; 

a voltage divider for detecting the voltage applied to 
said load; 

an error ampli?cation phase determination circuit for 
receiving a detection signal from said voltage di 
vider and an externally applied preset target volt 
age signal so as to amplify a difference between 
said detection signal and said target voltage signal, 
and for determining respective operation phases of 
said ?rst, second, third and fourth switching ele 
ments of said inverter substantially over the entire 
range of operation of said inverter, on the basis of 
said ampli?ed difference; and 

a phase control circuit for controlling the respective 
operation phases of said ?rst, second, third and 
fourth switching elements on the basis of an output 
signal of said error ampli?cation phase determina 
tion circuit in a manner so that said ?rst and second 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to an 
operation frequency of said inverter, said third and 
fourth switching elements are alternately turned on 
with a phase difference of 180 degrees with respect 
to the operation frequency of said inverter, while 
varying a phase difference from a point in time of 
turn-on of said ?rst switching element to a point in 
time of turn-on of said fourth switching element 
and a phase difference from a point in time of tum 
on of said second switching element to a point in 
time of tum-on of said third switching element to 
thereby effect feed-back control of power supplied 
to said load in accordance with the phase determi 
nation made by said error ampli?cation phase de 
termination circuit. 

6. A resonant DC-DC converter according to claim 
5, in which said smoothing means is an electrostatic 
capacitance of a high tension cable for applying said 
DC output voltage to said load. 

7. A resonant DC-DC converter according to claim 
5, wherein said DC power source is obtained from AC 
power received from a commercial power source, recti 
?ed into a DC power and then smoothed. 

8. A resonant DC-DC converter according to claim 
6, wherein said DC power source is obtained from AC 
power received from a commercial power source, recti 
?ed into a DC power and then smoothed. 

9. An X-ray generating apparatus having a resonant 
DC-DC converter comprising: 

a DC power source; 
an inverter for receiving DC power from said DC 

source and for converting the DC power into AC 
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power, said inverter having a ?rst series connec 
tion of ?rst and second switching elements respec 
tively connected to a positive and a negative pole 
of said DC power source, a wecond series connec 
tion connected in parallel to said ?rst series con 
nection and composed of third and fourth switch 
ing elements disposed so as to respectively corre 
spond to said ?rst and second switching elements, 
and ?rst, second, third and fourth diodes anti-paral 
lelly connected to said ?rst, second, third and 
fourth switching elements, respectively; 

a transformer, including primary and second wind 
ings, connected to an output of said inverter for 
boosting an output voltage of said inverter; 

a recti?er for converting an AC output voltage of 
said transformer into a DC output voltage; 

an X-ray tube applied with a smoothed output volt 
age of said recti?er via a high tension cable; 

said transformer including a parasitic leakage induc— 
tance and stray capacitance existing among said 
primary or secondary windings of said transformer, 
said leakage inductance and said stray capacitance 
being used as resonance elements so that a reso 
nance voltage induced at said stray capacitance by 
the resonance between said leakage inductance and 
said stray capacitance and a transformation ratio is 
applied to said recti?er; 

a voltage divider for detecting the voltage applied to 
said X-ray tube; 

an error ampli?cation phase determination circuit for 
receiving a detection signal from said voltage di 
vider and an externally applied preset target volt 
age signal so as to amplify a difference between 
said detection signal and said target voltage signal, 
and for determining respective operation phases of 
said ?rst, second, third and fourth switching ele 
ments of said inverter substantially over the entire 
range of operation of said inverter, on the basis of 
said ampli?ed difference; and 

a phase control circuit for controlling the respective 
operation phases of said ?rst, second, third and 
fourth switching elements on the basis of an output 
signal of said error ampli?cation phase determina 
tion circuit in a manner so that said ?rst and second 
switching elements are alternately turned on with a 
phase difference of 180 degrees with respect to an 
operation frequency of said inverter, said third and 
fourth switching elements are alternately turned on 
with a phase difference of 180 degrees with respect 
to the operation frequency of said inverter, while 
varying a phase difference from a point in time of 
turn-on of said ?rst switching element to a point in 
time of turn-on of said fourth switching element 
and a phase difference from a point in time of tum 
on of said second switching element to a point in 
time of turn-on of said third switching element to 
thereby effect in feedback control of power sup 
plied to said X-ray tube in accordance with the 
phase determination made by said error ampli?ca 
tion phase determination circuit. 

10. A resonant DC-DC converter according to claim 
9, wherein said DC power source is obtained from AC 
power received from a commercial power source, recti 
?ed into a DC power and then smoothed. 


